In reference [1] a unified description, both at the effective and fundamental Lagrangian level, of models of composite Higgs dynamics was proposed. In the unified framework the Higgs itself can emerge, depending on the way the electroweak symmetry is embedded, either as a pseudoGoldstone boson or as a massive excitation of the condensate. The most minimal fundamental description consists of an SU(2) gauge theory with two Dirac fermions transforming according to the defining representation of the gauge group. We therefore provide first principle lattice results for the massive spectrum of this theory. We confirm the chiral symmetry breaking phenomenon and determine the lightest spin-one axial and vector masses. The knowledge of the energy scale at which new states will appear at the Large Hadron Collider is of the utmost relevance to guide experimental searches of new physics.
I. INTRODUCTION
The Standard Model (SM) of particle interactions successfully describes Nature. However, the SM is unappealing. For example the SM Higgs sector simply models spontaneous symmetry breaking, it does not explain it. Furthermore, there is no consistent way to protect the electroweak scale from higher scales, leading to the SM naturalness problem. We refer to [2] for a mathematical classification of different degrees of naturality.
It is well known that by replacing the SM Higgs sector with a fundamental gauge dynamics featuring fermionic matter fields renders the SM Higgs sector natural. Technicolor [3, 4] is a time-honored incarnation of this idea. Other ways to use fundamental dynamics to replace the SM Higgs sector appeared later in [5, 6] . The Technicolor Higgs [7] [8] [9] [10] [11] is the lightest scalar excitation of the fermion condensate responsible for electroweak symmetry breaking. The interplay between the gauge sector and the SM fermion mass sector is relevant because it can reduce the physical mass of the Technicolor Higgs [12] . If the underlying dynamics has a larger global symmetry group than the one strictly needed to break the electroweak symmetry successfully, one may be able to choose an electroweak embedding in a way that the electroweak symmetry remains intact. Differently from the Technicolor case, here the Higgs state could be identified with one of the Goldstone Bosons (GB) of the theory. In this case the challenges are not only to provide masses to the SM fermions but also to break the electroweak symmetry by means of yet another sector which can also contribute to give mass to the would-be pseudo-GB Higgs. Real progress with respect to the SM Higgs sector shortcomings is achieved, however, only if a more fundamental description exists.
In reference [1] a first unified description of models of electroweak composite dynamics was put forward. The description clarified the main similarities, interplay, and shortcomings of the different approaches. In addition a specific underlying realization in terms of fundamental strongly coupled gauge theories was investigated with a clear link to first principle lattice simulations. It was also shown that for a generic electroweak vacuum alignment, the observed Higgs is neither a purely pGB state nor the Technicolor Higgs, but a mixed state. This result has relevant implications for its physical properties and associated phenomenology.
Given a possible underlying gauge theory featuring fermionic matter one can imagine distinct patterns of chiral symmetry breaking [13] [14] [15] [16] [17] [18] [19] . First principle lattice simulations are now in a position to answer these questions [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
The classification of underlying gauge theories relevant for Technicolor models appeared in [17] , while for composite models of the Higgs as a pGB can be found in [34, 35] .
In reference [1] it was concluded that from the point of view of a fundamental theory with fermionic matter, the minimal scenario to investigate is SU(4)→Sp(4) (locally isomorphic to SO(5)), for both a minimal Technicolor as well as composite GB Higgs scenario. The difference being in the way one embeds the electroweak theory within the global flavor symmetry. This pattern of chiral symmetry breaking can be achieved dynamically via an underlying SU(2)=Sp(2) gauge theory with 2 Dirac flavors (i.e. four Weyl fermions) transforming according to the fundamental representation of the gauge group.
We will provide here the state-of-the-art lattice results confirming the breaking of the global SU(4) symmetry to Sp(4) (locally isomorphic to SO(5)), first observed in [29] , via the formation of a non-perturbative fermion condensate, and in addition we will further determine the spin-one spectrum.
The paper is organized as follows: In section II we introduce the lattice framework and detail how the lattice computations of the spectrum is performed; In section III the numerical results are summarised; Finally we offer our conclusions in section IV.
II. THE LATTICE METHOD
In the continuum, the Lagrangian for our technicolor template is
which can be discretized in the familiar way to arrive at a Wilson action,
where U µ is the gauge field and β the gauge coupling in conventional lattice notation. ψ is the doublet of u and d fermions, and m 0 is the 2×2 diagonal mass matrix.
Mesons will couple to local operators of the form
where Γ denotes any product of Dirac matrices. Baryons (which are diquarks in this two-color theory) will couple to local operators of the form
where the Pauli structure −iσ 2 acts on color indices while the charge conjugation operator C acts on Dirac indices.
We extract the meson masses from the two-point correlation functions
where S uu (x, y) = u(x)u(y) . The quantities of interest are pseudoscalar Γ = γ 5 , vector
, and axial vector Γ = γ 5 γ k mesons. As a source vector we use Z 2 × Z 2 single time slice stochastic sources [36] .
In addition to the meson spectrum we are interested in two other quantities, the quark mass m q and the Goldstone boson decay constant f Π . We define the quark mass through the Partially Conserved Axial Current (PCAC) relation:
where
The Goldstone boson decay constant can be calculated as:
where G Π is obtained from the asymptotic form of V PP at large t i − t f :
To convert the lattice quantities to physical units, one should determine the lattice spacing for our simulations and the appropriate (mass-independent) renormalization while the composite pGB Higgs case corresponds to small, but non-vanishing, θ. Any other value of the θ is allowed and corresponds to a combination of these two limits. For the details we refer to [1] . For definitiveness we present the results for sin(θ) = 1 but we will reinstate the dependence on θ for the spectrum.
The relevant renormalization constant for f Π , commonly denoted in the literature by Z a , has not been computed non-perturbatively for our simulations. In this work we use the perturbative value which has been calculated in [22] . For fermions in the fundamental representation we have:
III. THE LATTICE RESULTS
The lattice simulations used in this work extend the results already published in
Ref. [29] . In particular, we have used larger volumes for the set of parameters closest to the chiral limit. The bare parameters used for our simulations are listed in Table I, where we also report the number of thermalized trajectories, of length one, used in our analysis all quantities extracted in this work were obtained using a bootstrap procedure.
In a previous work by some of the authors [29] , a first estimate of the Goldstone spectrum was already obtained. However large finite volume effects were observed -see Here we perform a more systematic analysis to control finite volume effects, using simulations on three different lattice volumes V = 32 × 16 3 , 32 × 24 3 , and 32 4 at the lightest quark mass on the finest lattice. At this quark mass, the results for the smallest volume The measurements on two larger lattices are inside statistical errors.
× 16
3 suffer clearly from finite volume effects, whereas observables measured on the two largest lattices agree within statistical errors, as shown in Fig. 2 . From the size of the statistical errors on the two largest lattices, we estimate that the residual finite volume effects at our lightest quark mass are below 2% for m Π , f Π and m ρ and below 10% for m A .
To confirm spontaneous chiral symmetry breaking one should, in principle, reach the chiral regime of the theory, pushing the quark masses light enough that chiral perturbation theory (χPT), or the appropriate lattice extension of it, could be used, while keeping under control all other systematic sources of error which are present on the lattice. It is well known, by studies of QCD, that this chiral regime is extremely difficult to reach as lattice artifacts and residual finite volume effects tend to make the predictions of χPT difficult to test.
Keeping this in mind, we analyze our data for signs of spontaneous chiral symmetry breaking and check how well predictions from χPT fit the measured Goldstone spectrum. 
and
where B, F, D and D are (unknown) low-energy constants of the theory, x ≡ 2Bm q 16π 2 F 2 and C and C are known constants. For our theory C = − The relevant expressions can be found in [37] , from which the quoted values for C and C were taken.
Correction to the continuum chiral expansion arise due to the lattice discretisation at and f Π . We report in Table III the quark mass ranges, χ 2 and the coefficients B and F for the fits for the two different values of the lattice spacing used in this work. The relative errors on the fitting parameters are large especially for the coefficients C and C of the x log x terms of the chiral expansion which suffer from very large uncertainties ∼ 100%, and are thus compatible with zero.
This can be explained by our data not being yet in a regime where the x log x terms can be clearly distinguished from the polynomial terms in the expansion, even at the lightest quark masses available.
Given that the chiral logs are subdominant, a simple polynomial fit to the data is expected to be an adequate description of m 2 Π and f Π . We therefore fit our data setting
The values for B and F thus obtained are given in and f Π respectively. In the last column we report the value of the renormalized F obtained using the perturbative value of Z a .
Wilson chiral perturbation theory. In the analysis below we use these values of B and F as our best estimate, and consider the errors from different fitting procedures as systematic errors. In the last column of Table IV , we use the perturbative value of Z a from Eq. (14) to obtain the renormalized F.
We also note that our data are not well described by NLO or NNLO continuum chiral perturbation theory, i.e. when the coefficients C and C of the logarithmic terms are fixed.
In this case we can perform a simultaneous fit of both m Given that f Π , m ρ and m A are well described by a linear function at small quark masses, one can expect that the two ratios m ρ / f Π and m A / f Π are also linear functions of the quark mass close to the chiral limit. These ratios are shown in Fig. 6 , together with a linear extrapolation to zero quark mass. We will refer to this method of chiral extrapolation as "method 2", whereas the first method will be named "method 1" in the following.
We use these two different methods as a crosscheck of the chiral extrapolation and to try to quantify the systematic errors due to the choice of extrapolation function. We compare in Table V Combining the data from the two lattice spacings available in this study, we can perform a first, crude continuum extrapolation for the masses of the vector and axial vector mesons. As explained above, the lattice spacing is fixed by the requirement that the value of the renormalized Goldstone decay constant satisfies f Π sin(θ) = 246 GeV, as required to give the correct masses to the electroweak gauge bosons. For concreteness here we assume sin(θ) = 1, but the dependence on θ can easily be reinstated when required as done below. The results of the linear extrapolations of m ρ /(Z a F) and m A /(Z a F) to the continuum limit are reported in Table VI .
Our continuum extrapolation is subject to two major sources of systematic errors. First our simulations are performed only at two lattice spacings, and therefore we do not have a good measure of how well our linear extrapolation describes the data. To take this into account, as a systematic error we quote, quite conservatively, the difference between the value of the continuum extrapolated value and the data point of the finer lattice.
The second systematic error stems from the renormalization constant Z a which we do not measure non-perturbatively. As a systematic error we then use the difference between the perturbative value of Z a = Z pert a and Z a = 1. In Table VI 
IV. CONCLUSIONS
The SU(2)-gauge theory with two fundamental fermions unifies both Technicolor and composite pGB Higgs models of electroweak symmetry breaking. In this work, we have calculated the masses of the two lightest non-singlet mesons using the Goldstone boson decay constant to set the scale. We performed the calculations with two different lattice spacings. With conservative error estimates the mass of the lightest vector meson m ρ sin(θ) is 2.5±0.5TeV. This value is clearly above one TeV and outside the current exclusion limits The conversion to physical units is done requiring Z a F = a · 246 GeV. The first error is statistical, the second one is the systematic from a linear continuum extrapolation with only two data points, and the third one comes from the uncertainty on Z a .
set by the LHC [39] .
To increase the precision of our results for the spectrum, at least one additional lattice spacing is required alongside a nonperturbative determination of the renormalization constant Z a . This would require a significant increase of computational resources. Furthermore we are eager to investigate the scalar sector and the vector decay constants. 
